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ABSTRACT
P i g  h e a r t  m i t o c h o n d r i a l  m a l a t e  d e h y d r o g e n a s e  i s  
g r a d u a l l y  i n a c t i v a t e d  i n  I4. M u r e a .  D u r i n g  t h e  
i n a c t i v a t i o n ,  s u l f h y d r y l  g r o u p s  on t h e  p r o t e i n  a r e  
e x p o s e d  i n  a  f i r s t  o r d e r  r e a c t i o n .  The r e a c t i o n  i s  
f o l l o w e d  s p e c t r o p h o t o m e t r i c a l l y  u s i n g  t h e  s u l f h y d r y l  
r e a g e n t  5>, 5>f - d i t h i o b i s - ( 2 - n i t r o b e n z o a t e  ) ,  T i t r a t i o n  
w i t h  t h i s  r e a g e n t  i n  t h e  p r e s e n c e  o f  u r e a  e x p o s e s  t e n  
t o  t w e l v e  s u l f h y d r y l  g r o u p s  p e r  m o l e c u l e  o f  m i t o c h o n d r i a l  
m a l a t e  d e h y d r o g e n a s e .  The enzyme i s  a l s o  i n a c t i v a t e d  
when d i l u t e d  i n  w a t e r  b u t  no s u l f h y d r y l  g r o u p s  a r e  
u n m a s k e d .  The l o s s  o f  a c t i v i t y  and  t h e  a p p e a r a n c e  o f  
s u l f h y d r y l  g r o u p s  i n  u r e a  s o l u t i o n s  do n o t  t a k e  p l a c e  
a t  t h e  same r a t e .
The c o n f o r m a t i o n a l  c h a n g e s  o f  m a l a t e  d e h y d r o g e n a s e s  
t h a t  o c c u r  i n  u r e a  s o l u t i o n s  a r e  p a r t i a l l y  p r e v e n t e d  by 
i n o r g a n i c  p h o s p h a t e  i o n s  a n d ,  l e s s  s o ,  by  t h e  s u b s t r a t e s  
o f  t h e  enzym e.  When t h e  enzyme i s  p r e - i n c u b a t e d  w i t h  
t h e  s u b s t r a t e s  t h e  f i n a l  t o t a l  a b s o r b a n c y  o f  t h e  enzyme 
i n  t h e  p r e s e n c e  o f  u r e a  and DTNB i s  r e d u c e d  by  a b o u t  
f i f t e e n  p e r  c e n t .
i i  .
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CHAPTER I
INTRODUCTION
M a l a t e  d e h y d r o g e n a s e  c a t a l y z e s  t h e  f o l l o w i n g  r e a c t i o n :  
COO” H - C — H COO” C —  H
i /  \  i /  ^
C = 0  HC C---- CONHp MDH HC — OH HC C— CONHp
I +  H+ +  || || I +  II I
CHp HC CH CHp HC CH
i \  /  i \  / /
COO” N COO” N _
I I ©
R R
(OAA) (NADH) ( L - M a l a t e ) (NAD+ )
T h o rn e  and K a p l a n  (1 )  h av e  r e p o r t e d  t h a t  a b o u t  35 t o  
I4.O p e r  c e n t  o f  p i g  h e a r t  m i t o c h o n d r i a l  m a l a t e  d e h y d r o g e n a s e  
(M-MDH) i s  i n  t h e  h e l i c a l  f o r m  w i t h  no d i s u l f i d e  b r i d g e s .  
The o p t i c a l  r o t a r y  d i s p e r s i o n  s t u d i e s  made by  J o y c e  and 
G r i s o l i a  ( 2 )  s u g g e s t  t h a t  M-MDH i s  a  h i g h l y  c o i l e d  p r o t e i n  
and t h a t  t h e  enzyme a c t i v i t y  i s  p o s s i b l y  r e l a t e d  t o  t h e  
p e r c e n t a g e  o f  c o i l i n g .  T h o r n e  and K a p la n  (1 )  s t u d i e d  t h e  
enzyme i n  t h e  p r e s e n c e  o f  u r e a  and gav e  a v a l u e  o f  lLj. s u l f ­
h y d r y l  (SH) g r o u p s  p e r  m o l e c u l e  o f  p i g  h e a r t  M-MDH. T h i s  
was d e t e r m i n e d  by t i t r a t i o n  w i t h  p - h y d r o x y m e r c u r i b e n z o a t e  
a s s u m i n g  a  m o l e c u l a r -  w e i g h t  o f  7 0 ,0 0 0  g rams p e r  mole  f o r  
M-MDH. S i e g e l  and E n g l a r d  (3 ) r e p o r t e d  10 t o  13 SH g r o u p s
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p e r  mole  o f  b e e f  h e a r t  M-MDH u s i n g  v a r i o u s  s u l f h y d r y l  
r e a g e n t s  and a s s u m i n g  a  m o l e c u l a r  w e i g h t  o f  6 5 , 0 0 0  grains 
p e r  m o l e .  They  fo u n d  t h a t  t h e s e  SH g r o u p s  o f  b e e f  h e a r t  
M-MDH w ere  n o t  r e a d i l y  a c c e s s i b l e  t o  SH r e a g e n t s ,  u n l e s s  
t h e  p r o t e i n  was d e n a t u r e d  w i t h  u r e a .
C o n f o r m a t i o n a l  c h a n g e s  o f  enzymes  have  b e e n  s t u d i e d  
b y  t h e  a p p e a r a n c e  o f  masked s u l f h y d r y l  (SH) g r o u p s  u n d e r  
a  v a r i e t y  o f  c o n d i t i o n s  ( k - 1 3 ) .  Some SH g r o u p s  r e a c t  
i m m e d i a t e l y  w i t h  SH r e a g e n t s  w h i l e  o t h e r s  a r e  p r o t e c t e d  
i n  t h e  f o l d s  o f  t h e  p r o t e i n  i n  s u c h  a  way t h a t  t h e y  a r e  
n o t  a v a i l a b l e  f o r  r e a c t i o n  w i t h  t h e s e  r e a g e n t s .  T h e s e  
" b u r i e d "  SH g r o u p s  c a n  be made a v a i l a b l e  f o r  r e a c t i o n  
i f  t h e  p r o t e i n  c o n f i g u r a t i o n  i s  ch an g ed  by s u c h  a g e n t s  
a s  u r e a  o r  d e t e r g e n t s .  Such  masked SH g r o u p s  h a v e  b e e n  
r e p o r t e d  f o r  t h e  c i t r a t e  c o n d e n s i n g  enzyme ( 1 3 ) .
U r e a  d e n a t u r a t i o n  o f  p r o t e i n s  i s  a v e r y  c o m p l i c a t e d  
p r o c e s s ,  w h ic h  i s  n o t  c l e a r l y  u n d e r s t o o d .  I t s  e f f e c t  i s  
p r o b a b l y  t w o f o l d .  The f i r s t  i s  t h a t  u r e a  r e a d i l y  f o rm s  
u r e a - w a t e r  c l u s t e r s  a t  t h e  e x p e n s e  o f  t h e  s t r u c t u r e d  w a t e r  
a ro u n d  t h e  p r o t e i n .  U r e a ,  t h u s ,  " m e l t s "  t h e  h y d r a t e d  w a t e r  
w h ic h  p a r t i c i p a t e s  i n  t e r t i a r y  p r o t e i n  s t r u c t u r e  i n  a q u e o u s  
s o l u t i o n s  ( I k ) .
On t h e  o t h e r  h a n d ,  R o b in s o n  and J e n c k s  ( 1 5 ,  16 )  hav e  
shown t h a t  t h e  d e n a t u r a t i o n  o f  p r o t e i n s  by u r e a  s o l u t i o n s  
c a n n o t  be a t t r i b u t e d  s o l e l y  t o  t h e  h y d r o p h o b i c  e f f e c t s  o f
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u r e a .  U s i n g  a c e t y l t e t r a g l y c i n e  e t h y l  e s t e r  and d e t e r ­
m i n i n g  a c t i v i t y  c o e f f i c i e n t s  f o r  v a r i o u s  s o l v e n t s  i n c l u d i n g  
u r e a  t h e y  fo u n d  t h a t  a c e t y l t e t r a g l y c i n e  e t h y l  e s t e r  became 
more s o l u b l e  a s  t h e y  i n c r e a s e d  t h e  u r e a  c o n c e n t r a t i o n .
Prom t h e s e  s t u d i e s  t h e y  c o n c l u d e d  t h a t  u r e a  d e c r e a s e s  
t h e  a c t i v i t y  c o e f f i c i e n t s  o f  e x p o s e d  amide and p e p t i d e  
g r o u p s  i n  t h e  d e n a t u r e d  p r o t e i n .  T h u s ,  a  m a jo r  p a r t  o f  
t h e  d e n a t u r i n g  a c t i v i t y  o f  u r e a  t o w a r d  some p r o t e i n s  
c o u l d  be a c c o u n t e d  f o r  by an  i n t e r a c t i o n  o f  u r e a  w i t h  
p e p t i d e  and am ide  g r o u p s  o f  t h e  p r o t e i n  by a  " n o n -  
h y d r o p h o b i c ” m e c h a n ism .
The e f f e c t s  o f  s a l t s  on c o n f o r m a t i o n a l  c h a n g e s  o f  
enzym es  have  a l s o  b e e n  ex am in ed  ( £ ,  1 3 , 1 7 ,  1 8 ) .  G h i l s o n  
e t  a l .  ( 1 9 ,  2 0 )  hav e  f o u n d  i n  r e v e r s i b l e  i n a c t i v a t i o n  
s t u d i e s  w i t h  d i f f e r e n t  p r o t e i n s  t h a t  s a l t s  p r o t e c t  a g a i n s t  
i n a c t i v a t i o n  and a i d  i n  t h e  r e a c t i v a t i o n  o f  many d e h y d r o ­
g e n a s e s .  The p r o t e c t i v e  e f f e c t  o f  . s a l t s  and s u b s t r a t e s  
a g a i n s t  a c t i v i t y  l o s s  upon l y o p h i l i z a t i o n ,  d i a l y s i s ,  and  
d i l u t i o n  o f  p i g  h e a r t  M-MDH was a l s o  d e m o n s t r a t e d  ( 2 ) .
T h i s  t h e s i s  i s  a  r e p o r t  on t h e  u n m a sk in g  o f  SH g r o u p s  
i n  p i g  h e a r t  m i t o c h o n d r i a l  m a l a t e  d e h y d r o g e n a s e  on t r e a t m e n t  
o f  t h e  enzyme i n  u r e a  s o l u t i o n s .  The a p p e a r a n c e  o f  SH 
g r o u p s  a r e  m e a s u re d  w i t h  5 ,  !?’ - d i t h i o b i s - ( 2 - n i t r o b e n z o a t e )  
DTNB ( 2 1 ) .
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I n  t h e  p r e s e n c e  o f  p r o t e i n  SH g r o u p s ,  t h i s  r e a g e n t  u n d e r ­
g o e s  t h e  ab o v e  r e a c t i o n  u n d e r  s l i g h t l y  b a s i c  c o n d i t i o n s .  
The m e r c a p t i d e  a n i o n  w h ic h  f o rm s  h a s  an a b s o r b a n c e  maximum 
a t  l\12  m j i .
The enzyme i s  p a r t i a l l y  p r o t e c t e d  a g a i n s t  a c t i v i t y  
l o s s  i n  u r e a  s o l u t i o n  by  p o t a s s i u m  p h o s p h a t e  and t h e  
s u b s t r a t e s  o f  MDH. The s u b s t r a t e s  o f  MDH a l s o  p r o t e c t  
a g a i n s t  c o m p l e t e  s u l f h y d r y l  a p p e a r a n c e  when t h e  m i t o ­
c h o n d r i a l  enzyme i s  t r e a t e d  w i t h  u r e a .
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CHAPTER I I
M ethods  and M a t e r i a l s
P i g  h e a r t  m i t o c h o n d r i a l  m a l a t e  d e h y d r o g e n a s e  (M-MDH) 
f ro m  C. F .  B o e h r i n g e r  and S o n ,  Mannheim,  p r e p a r e d  a c c o r d i n g  
t o  Ochoa ( 2 2 ) ,  was u se d  f o r  p a r t  o f  t h e  s t u d i e s .  I n  t h i s  
p r e p a r a t i o n ,  w h ich  w i l l  be r e f e r r e d  t o  a s  c o m m e r c i a l  M-MDH, 
t h e r e  i s  some c o n t a m i n a t i o n  by t h e  p r e s e n c e  o f  s u p e r n a t a n t  
( c y t o p l a s m i c )  MDH. Some c o m m e r c i a l  M-MDH was p u r i f i e d  
f u r t h e r  by p a s s i n g  i t  t h r o u g h  a  c a r b o x y m e t h y l  c e l l u l o s e  
co lumn t h e r e b y  r e m o v in g  an y  o f  t h e  s u p e r n a t a n t  MDH, t h a t  
was p r e s e n t .  T h i s  p r e p a r a t i o n  w i l l  be r e f e r r e d  t o  a s  
M-MDH (CMC) ( 2 3 ) .  B o t h  p r e p a r a t i o n s  o f  M-MDH w ere  s t o r e d  
a t  0 °  C a s  a  s u s p e n s i o n  i n  an ammonium s u l f a t e  s o l u t i o n  
( F i s h e r  S c i e n t i f i c ) .
The d e t e r m i n a t i o n  o f  t h e  c o n c e n t r a t i o n  o f  M-MDH 
was b a s e d  on t h e  e x t i n c t i o n  c o e f f i c i e n t s  f o r  e n o l a s e  and 
n u c l e i c  a c i d  o f  W arburg  and C h r i s t i a n  (2L|_). The o p t i c a l  
d e n s i t y  o f  a  p r o t e i n  s o l u t i o n  was r e a d  a t  260 and 280  njp. 
and t h e  p r o t e i n  c o n c e n t r a t i o n  was d e t e r m i n e d  u s i n g  a  
nom ograph  p r e p a r e d  by  E.  Adams and d i s t r i b u t e d  by  t h e  
C a l i f o r n i a  C o r p o r a t i o n  f o r  B i o c h e m i c a l  R e s e a r c h .
5
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The enzyme was a s s a y e d  f o r  a c t i v i t y  by d e t e r m i n i n g
t h e  r a t e  o f  o x i d a t i o n  o f  NADH a t  3J+0 m}i and 2 5 °  C. The
s o l u t i o n s  used in  t h i s  a s s a y  were n e u t r a l i z e d  w i t h  KHCO .^
They  were  p r e p a r e d  f r e s h  d a i l y  and k e p t  a t  0 °  C u n t i l  t h e y  
♦
were u s e d .  NADH, OAA, and serum albumin were purchased  
from C. F .  B o e h r i n g e r  and Son ,  Mannheim. T r i s ,  KHCO ,^ 
and p o t a s s iu m  p h o sp h a te  were o b t a in e d  from F i s h e r  
S c i e n t i f i c .
In  t h e  a s s a y  f o r  MDH a c t i v i t y ,  e a c h  c u v e t t e  ( 0 . 5  cm 
l i g h t  p a t h )  c o n t a i n e d  67 mM.T r i s - a c e t a t e  b u f f e r ,  pH 7.1+, 
9 3 . 5  yiM NADH, 5 . 0 6  mM OAA and  t h e  a p p r o p r i a t e  d i l u t i o n  o f  
M-MDH. The M-MDH was d i l u t e d  i n  s e ru m  a l b u m i n  (1 mg /  m l)  
0 . 0 2  M p o t a s s i u m  p h o s p h a t e ,  pH 7 J4. .  The a c t i v i t y  i s  
e x p r e s s e d  a s  t h e  number o f  ^ m o l e s  o f  NADH o x i d i z e d  p e r  
m i n u t e .
M-MDH was a s s a y e d  f o r  SH a p p e a r a n c e  by m e a s u r i n g  t h e  
I|.12 mju a b s o r b a n c e  i n c r e a s e  o f  DTNB i n  t h e  p r e s e n c e  o f  t h e  
enzyme and u r e a .  The m e r c a p t i d e  a n i o n  t h a t  i s  fo rm ed  h a s  
a n  a b s o r p t i o n  maximum o f  Lpl2 mji and a  m o la r  a b s o r b a n c y  o f  
1 3 , 6 0 0  ( 2 1 ) .  The DTNB was p u r c h a s e d  f ro m  A l d r i c h  C h e m ic a l  
Co. ,  I n c .  The DTNB s o l u t i o n s  w h ic h  were  p r e p a r e d  f r e s h  
d a i l y  w ere  made up i n  b u f f e r  s o l u t i o n s  a t  t h e  a p p r o p r i a t e  
c o n c e n t r a t i o n  and pH. The a s s a y s  f o r  SH a p p e a r a n c e  w ere  
c a r r i e d  o u t  a t  2 5 °  C. S i n c e  t h e  m e r c a p t i d e  i o n ,  5 - t h i o - ( 2  
n i t r o b e n z o a t e  ) ’i s  r e a d i l y  r e o x i d i z e d  t o  i t s  d i s u l f i d e  f o r m
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
7i n  t h e  p r e s e n c e  o f  m e t a l  i o n s  su c h  a s  c o p p e r  and i r o n  
i o n s ,  e t h y l e n e d i a m i n e  t e t r a a c e t a t e  (EDTA) ( C a lb io c h e m )  
a  c h e l a t i n g  a g e n t  was ad d ed  t o  some o f  t h e  a s s a y  s y s t e m s .  
To e n s u r e  a  f i n a l  t o t a l  a b s o r b a n c y  r e a d i n g ,  EDTA was 
r o u t i n e l y  ad d e d  t o  t h e  c u v e t t e s  when M-MDH (CMC) was 
u s e d .
R e a g e n t  g r a d e  u r e a  ( B r i t i s h  Drug  H o u s e ,  L t d . )  
s o l u t i o n s  w e re  u s e d  f o r  t h e  e x p e r i m e n t s  w i t h  c o m m e r c i a l  
MLH. U l t r a  P u r e  u r e a ,  M. A.  (Mann R e s e a r c h  L a b s )  was 
u s e d  i n  t h e  e x p e r i m e n t s  w i t h  M-MDH (CMC). U re a  s o l u t i o n s  
w e re  p r e p a r e d  f r e s h  d a i l y .
I n  t h e  SH a s s a y  s y s t e m  #1 e a c h  c u v e t t e  (1 cm l i g h t  
p a t h )  c o n t a i n e d  t h e  i n d i c a t e d  c o n c e n t r a t i o n  o f  u r e a ,
1 mM DTNB n e u t r a l i z e d  w i t h  10 mil p o t a s s i u m  p h o s p h a t e ,  
pH 7 . 3 ,  and 0 .1 \ S  jjM M-MDH ( c o m m e r c i a l ) .
I n  t h e  SH a s s a y  s y s t e m  #2 e a c h  c u v e t t e  (1 cm l i g h t  
p a t h )  c o n t a i n e d  t h e  i n d i c a t e d  c o n c e n t r a t i o n  o f  u r e a ,  1 mM 
DTNB n e u t r a l i z e d  w i t h  0 , 1  M p o t a s s i u m  p h o s p h a t e ,  pH 6 . 8 ,  
t h e  i n d i c a t e d  c o n c e n t r a t i o n  o f  EDTA, and O .31I4. M-MDH 
(CMC). The f i n a l  pH o f  t h i s  s y s t e m  was 7 . 3 5 i  0 . 0 5 .
Any v a r i a t i o n s  o f  t h e s e  s y s t e m s  a r e  i n d i c a t e d  i n  t h e  
l e g e n d s .  C o n t r o l s  c o n t a i n i n g  e v e r y t h i n g  e x c e p t  t h e  enzyme 
w e re  c a r r i e d  o u t  f o r  e a c h  r e a c t i o n .
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SH appearance i3 expressed as t h e  l o g  a /a - x ,  where  
"a” i s  t h e  f i n a l  t o t a l  a b so r b a n ce  measured a t  t h e  end 
o f  th e  r e a c t i o n  and nx" i s  t h e  t o t a l  ab sor ban ce  a t  any 
p a r t i c u l a r  t im e  d u r in g  t h e  r e a c t i o n .  The f i r s t  ord er  
r a t e  c o n s t a n t  nk" i s  o b t a in e d  by t h e  e q u a t io n :
k = 2 . 3 0 3  ( l o g  a / a - x )
t
SH a p p e a r a n c e  i s  a l s o  e x p r e s s e d  a s  t h e  l o g  % SH a p p e a r a n c e .  
T h i s  r e p r e s e n t s  t h e  l o g  % u n r e a c t e d  SH g r o u p s .  A n o t h e r  
e x p r e s s i o n  t h a t  i s  u s e d  i s  % SH a p p e a r a n c e .  T h i s  r e f e r s  
t o  t h e  % r e a c t e d  SH g r o u p s .
In t h e  s u b s t r a t e  p r o t e c t i o n  s t u d i e s  c o n t r o l s  f o r  e a c h  
s u b s t r a t e  w e re  c a r r i e d  o u t  and u s e d  a s  s t a n d a r d s  i n  
o b t a i n i n g  t h e  f i n a l  t o t a l  a b s o r b a n c e .  T h i s  was done  t o  
c o r r e c t  f o r  t h e  s u b s t r a t e - D T N B  i n t e r a c t i o n .  The s u b s t r a t e s  
NAD+ and  L - M a l a t e  w e re  p u r c h a s e d  f r o m  C. F .  B o e h r i n g e r  and 
S o n ,  M annheim,  and S igm a  C h e m ic a l  C o . ,  r e s p e c t i v e l y .
D i s t i l l e d  and d e i o n i z e d  w a t e r  was u s e d  i n  t h e  p r e ­
p a r a t i o n  o f  a l l  t h e  s o l u t i o n s .  The v a r i o u s  r e a c t i o n s  
w ere  f o l l o w e d  by  u s i n g  e i t h e r  t h e  0 . 0  t o  0 . 1  o r  t h e  0 , 0  
t o  0 . 2  a b s o r b a n c y  s c a l e s  o f  t h e  G i l f o r d  model  2000 
a b s o r b a n c y  r e c o r d e r  a t t a c h m e n t  t o  a  Beckman m a n o c h r o m a to r  
e q u i p p e d  w i t h  t h e r m o s p a c e r s  s e t  a t  2 5 °  C. The pH o f  t h e  
r e a c t i o n  c e l l s  w e re  m e a s u r e d  p r e v i o u s  t o  o r  a t  t h e  end 
o f  t h e  a s s a y s  by  a  Beckman Model  G pH m e t e r .
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9R e s u l t s
The SH g r o u p s  o f  M-MDH ( c o m m e r c i a l ) i n  a q u e o u s  
s o l u t i o n s  do  n o t  I r e a c t  w i t h  DTiTB i n  t h e  p r e s e n c e  o r  
a b s e n c e  o f  p o t a s s i u m  p h o s p h a t e  b u f f e r ,  pH 7 . If, b u t  
t h e y  do r e a c t  i n  t h e  p r e s e n c e  o f  u r e a .  The SH g r o u p s  
o f  M-MDH (CMC) r e a c t  v e r y  s l o w l y  w i t h  DTNB i n  a q u e o u s  
s o l u t i o n  i n  t h e  p r e s e n c e  o f  p o t a s s i u m  p h o s p h a t e  
b u f f e r ,  pH 7 . if. L e s s  t h a n  one s u l f h y d r y l  g r o u p  i s  
e x p o s e d  a f t e r  a  one h o u r  i n c u b a t i o n .  However a l l  t h e  
SH g r o u p s  a r e  e x p o s e d  v e r y  q u i c k l y  and  r e a c t  w i t h  t h e  
DTNB i n  t h e  p r e s e n c e  o f  u r e a .  F i g u r e  1 shows t h e  
o b s e r v e d  f i r s t  o r d e r  p l o t  o f  t h e  a p p e a r a n c e  o f  SH 
g r o u p s .  The b e h a v i o r  o f  p i g  h e a r t  M-MDH, o b s e r v e d  
h e r e  i s  s i m i l a r  t o  t h a t  d e s c r i b e d  b y  S i e g e l  and 
E n g l a r d  f o r  b e e f  h e a r t  m i t o c h o n d r i a l  MDH (3 ) .
T h e s e  w o r k e r s  u s e d  a  v a r i e t y  o f  SH r e a g e n t s ,  b u t  
w e re  n o t  a b l e  t o  fo llox- j  t h e  k i n e t i c s  o f  SH a p p e a r a n c e  
b e c a u s e  o f  t h e  l i m i t a t i o n s  o f  t h e  r e a g e n t s  t h e y  w ere  
u s i n g .
F i g u r e  1 shows t h e  o b s e r v e d  f i r s t  o r d e r  p l o t  o f  
t h e  a p p e a r a n c e  o f  SH g r o u p s  a s  m e a s u re d  by  t h e  i n c r e a s e  
i n  a b s o r b a n c e  o f  Ij.12 xnjx i n  t h e  p r e s e n c e  o f  u r e a ,  0 . 0 1  
M DTNB, and  10 mM p o t a s s i u m  p h o s p h a t e  b u f f e r ,  pH 7 . If. 
The a v e r a g e  o b s e r v e d  f i r s t  o r d e r  r a t e  c o n s t a n t s  f o r
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t h e  r e a c t i o n s  i n  7*2 M u r e a  and l+.O M u r e a  a r e  0 . 9 9  
rain and  0 . 1 2 6  min*"^, r e s p e c t i v e l y .  I n  t h e  p r e s e n c e  
o f  10 mM EDTA, and 0 . 1  M p o t a s s i u m  p h o s p h a t e ,  a t  a  f i n a l  
pH o f  7 . k ,  M-MDH (CMC) r e a c t e d  w i t h  DTNB v e r y  s l o w l y .
The o b s e r v e d  f i r s t  o r d e r  r a t e  c o n s t a n t  f o r  t h i s
r e a c t i o n  was 0 . 0 1 3  m in ” ^ (T a b le  I ) .  F i r s t  o r d e r  p l o t s
f o r  t h e  a p p e a r a n c e  o f  SH g r o u p s  w e re  o b s e r v e d  f o r  MDH
(CMC) i n  t h e  p r e s e n c e  o f  u r e a ,  10 mM EDTA, and  0 . 1  M
p o t a s s i u m  b u f f e r  a t  a  f i n a l  pH o f  7• U-*
The o b s e r v e d  f i r s t  o r d e r  r a t e  c o n s t a n t  a s  a  f u n c t i o n  
o f  u r e a  c o n c e n t r a t i o n  i s  shown i n  f i g u r e s  2 and 3 .  The 
d a t a  a r e  t a k e n  f r o m  s e v e r a l  e x p e r i m e n t s  u s i n g  d i f f e r e n t  
c o n c e n t r a t i o n s  o f  u r e a .  F i g u r e  2 r e p r e s e n t s  t h e  d a t a  
f r o m  e x p e r i m e n t s  u s i n g  d i f f e r e n t  s a m p l e s  o f  c o m m e r c i a l  
M-MDH, w h i l e  f i g u r e  3 i s  t a k e n  f r o m  r e a c t i o n s  o f  M-MDH 
(CMC) i n  u r e a  s o l u t i o n s .  The o b s e r v e d  f i r s t  o r d e r  r a t e  
c o n s t a n t  i n c r e a s e s  l o g a r i t h m i c a l l y  w i t h  i n c r e a s i n g  u r e a  
c o n c e n t r a t i o n s .
From e x p e r i m e n t s  u s i n g  M-MDH (CMC) i n  t h e  p r e s e n c e  
o f  u r e a ,  10 mM EDTA, 1 mM DTNB n e u t r a l i z e d  w i t h  0 . 1  M 
p o t a s s i u m  p h o s p h a t e  i t  was o b s e r v e d  t h a t  t h e  f i n a l  
t o t a l  a b s o r b a n c y  a t  lj.12 mp. d i d  n o t  v a r y  w i t h  t h e  c o n ­
c e n t r a t i o n  o f  u r e a  p r e s e n t  d u r i n g  t h e  r e a c t i o n  ( 3 . 2  t o  
6.1). M u r e a ) .
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Legend t o  F ig u r e  1 The Observed F i r s t  Order R ate P lo t  f o r
SH A ppearance
The a b o v e  r e a c t i o n s  w e re  c a r r i e d  o u t  u s i n g  SH a s s a y  
s y s t e m  #  1 ,  c o n t a i n i n g  e i t h e r  if. M o r  7 . 2  M u r e a .
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TABLE I
SH APPEARANCE IN 1+ M UREA IN THE 
PRESENCE OP PHOSPHATE
Observed F i r s t  Order R a te Constan t
•  -1m m  ±
Complete  S y s tem  0 . 1 9 2
10 mM P o t a s s iu m  P h osp h ate  0 . 1 0 8
0 . 1  M P o t a s s iu m  P h osp h ate  0 , 0 5 5
-  Urea 0 . 0 0 0
L e g e n d :
The c o m p l e t e  s y s t e m  was 2 . 8  ) M  M-MDH ( c o m m e r c i a l ,  
d i a l y z e d )  1 mM DTNB n e u t r a l i z e d  t o  pH 7.1+ w i t h  NaOH, 4, M 
u r e a .  The p o t a s s i u m  p h o s p h a t e  added  was pH 7.1+.
SH a s s a y  s y s t e m  #  2 ,  4 M u r e a ,  10 mM EDTA.
(4.12 mp)
m in~1 (EDTA-::-)
0 .0 6 2
0 . 0 1 3
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At t h e  h i g h e r  c o n c e n t r a t i o n s  o f  urea  t h e r e  i s  a 
w id e  range  o f  v a l u e s  f o r  t h e  o b se r v e d  f i r s t  order  r a t e  
c o n s t a n t .  T h e r e f o r e ,  f o r  th e  f o l l o w i n g  s t u d i e s ,  If M 
u r e a  c o n c e n t r a t i o n s  are  u s e d .  A l s o ,  th e  s lo w e r  
d e n a t u r a t i o n  a l l o w s  th e  measurement o f  concommitant  
a c t i v i t y  l o s s .
M-MDH (CMC) was t i t r a t e d  w i t h  DTNB in  t h e  p r e s e n c e  
o f  0 . 1  M p o t a s s iu m  p h o s p h a t e ,  10 mM EDTA, and If M u rea  
a t  a f i n a l  pH o f  7 . I f .  By p l o t t i n g  t h e  f i n a l  t o t a l  
a b so r b a n cy  ( i f l2  mp) as  a f u n c t i o n  o f  DTNB c o n c e n t r a t i o n ,  
i t  was found t h a t  t h e r e  were from 10 t o  12 SH groups  
p er  m o le c u le  o f  MDH (CMC).
The a c t i v i t y  o f  M-MDH i s  g r a d u a l l y  l o s t  in  th e  
p r e s e n c e  o f  If M u r e a .  In t h e  p r e s e n c e  o f  p h o sp h a te  
i o n s  th e  l o s s  o f  a c t i v i t y  t a k e s  p l a c e  a t  a much s lo w e r
r a t e  i n  If M u rea  s o l u t i o n s .  F i g u r e  If shows th e  e f f e c t
o f  th e  t im e  o f  i n c u b a t i o n  on th e  l o s 3  o f  a c t i v i t y ,  in  
t h e  p r e s e n c e  o f  and i n  th e  a b s e n c e  o f  p h osp h ate  i o n s .  
Phosphate  i o n s  a l s o  r e d u c e  t h e  o b se rv ed  f i r s t  order  
r a t e  c o n s t a n t s  f o r  SH a p p e a ra n ce  i n  if M urea  (Table  I ) .  
F i g u r e  5 shows t h e  e f f e c t  o f  th e  t im e  o f  i n c u b a t i o n  i n  
if M u r ea  b o th  on th e  l o s s  o f  a c t i v i t y  and on th e
ap p earan ce  o f  SH g r o u p s .  These  two phenomena do not
c o i n c i d e  but  b o th  can be v a r i e d  by t h e  a d d i t i o n  o f  
p h o sp h a te  i o n s .  I t  i s  a l s o  n o t i c e a b l e  t h a t  p o t a s s iu m
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Legend t o  F ig u r e  2 The Observed F i r s t  Order R ate C o n s ta n ts
a s  a F u n c t io n  o f  Urea C o n c e n tr a t io n
The ab o v e  r e a c t i o n s  w e re  c a r r i e d  o u t  u s i n g  SH a s s a y  
s y s t e m  #  1 ,  c o n t a i n i n g  t h e  d e s i g n a t e d  am oun ts  o f  u r e a .
!,k H r e p r e s e n t s  t h e  o b s e r v e d  f i r s t  o r d e r  r a t e  c o n s t a n t  a s  
d e s c r i b e d  i n  t h e  m e t h o d s .
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Legend  t o  F i g u r e  Jj, The O b se rv e d  F i r s t  O rd e r  R a t e  C o n s t a n t  
a s  a  F u n c t i o n  o f  U r e a  C o n c e n t r a t i o n  (SH a s s a y  s y s t e m  # 2)
The above  r e a c t i o n s  w e re  c a r r i e d  o u t  u s in g  SH a s s a y  
s y s t e m  #  2 ,  c o n t a i n i n g  10 mM EDTA and t h e  d e s i g n a t e d  
am o u n ts  o f  u r e a .
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p h o s p h a t e  i s  more e f f e c t i v e  a s  a  p r o t e c t i n g  a g e n t  
a g a i n s t  i n a c t i v a t i o n  t h a n  a g a i n s t  SH a p p e a r a n c e .  The 
maximum p r o t e c t i o n  a g a i n s t  a c t i v i t y  l o s s  i n  t h e  p r e s e n c e  
o f  p h o s p h a t e  i o n s  i s  b e t w e e n  pH 7 . 0  and 7 . 5  i n  b o t h  
d i l u t e  w a t e r  and u r e a  s o l u t i o n s  ( F i g u r e  6 ) .  P r o t e c t i o n  
b y  p o t a s s i u m  p h o s p h a t e  a g a i n s t  a c t i v i t y  l o s s  and a g a i n s t  
SH a p p e a r a n c e  c a n  be  o b s e r v e d  e v e n  i n  h i g h e r  c o n c e n t r a t i o n s  
o f  u r e a  ( c f .  T a b l e  I I ) .
The p r e s e n c e  o f  t h e  s u b s t r a t e s  NADH, NAD+ , and OAA 
shoxy some p r o t e c t i o n  a g a i n s t  a c t i v i t y  l o s s  i n  t h e  p r e s e n c e  
o f  I4. M u r e a  and 10 mM p o t a s s i u m  p h o s p h a t e  (T a b le  I I I ) .
The p r e s e n c e  o f  t h e s e  s u b s t r a t e s  a n d ,  a l s o ,  L - m a l a t e  d u r i n g  
u r e a  u n m a s k in g  d e c r e a s e s  t h e  f i n a l  t o t a l  a b s o r b a n c y  a b o u t  
15%. T h i s  i s  e q u i v a l e n t  t o  two l e s s  SH g r o u p s  e x p o s e d  p e r  
m o l e c u l e  o f  M-MDH upon  t r e a t m e n t  o f  t h e  enzyme w i t h  u r e a .  
T h e se  s t u d i e s  w ere  do n e  i n  t h e  p r e s e n c e  o f  10 mM p o t a s s i u m  
p h o s p h a t e ;  0 . 1  M p o t a s s i u m  p h o s p h a t e ,  1 mM EDTA; a n d ,  10 mM 
T r i s - H C l .  I n  e a c h  c a s e  s i m i l a r  r e s u l t s  w ere  o b t a i n e d  
( T a b le  I I I ) .
The p r e s e n c e  o f  NADH r e d u c e s  t h e  f i r s t  o r d e r  r a t e  
c o n s t a n t  ( T a b le  I V ) .  T h i s  e f f e c t  was a l s o  o b t a i n e d  i n  
t h e  same s y s t e m  a s  t h a t  d e s c r i b e d  i n  t h e  l e g e n d  o f  T a b l e  
IV,  b u t  u s i n g  5 M u r e a .  I n  b o t h  c a s e s  t h e  o b s e r v e d  f i r s t  
o r d e r  r a t e  c o n s t a n t  i s  r e d u c e d  b y  a b o u t  50%.
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L egend  t o  F i g u r e  L j l  MDH A c t i v i t y  L o s s  w i t h  and w i t h o u t  
P o t a s s i u m  P h o s p h a t e  i n  ij. M U r e a
M ixtures  c o n t a i n i n g  O.L5> ^  M-MDH (commercial)  were 
incubated  at  25°  C in  A) I4. M u r e a ,  B ) I4. M urea ,  1 mM DTNB 
n e u t r a l i z e d  w i th  10 mM po tass iu m  ph osp h a te ,  and having  a 
f i n a l  pH of  7»3» C) I4. M u r e a ,  10 mM potass ium  phosphate  
w ith  a f i n a l  pH o f  7 . 3* Curves A ) ,  B ) ,  and C) show 
a c t i v i t y  a s s a y s  ( ex p ressed  as l o g  % a c t i v i t y )  measured 
by p e r i o d i c  a l i q u o t s ,  u s i n g  th e  o x i d a t i o n  o f  NADH as 
d e s c r ib e d  i n  th e  methods.
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Legend  t o  F i g u r e  ^  MDH A c t i v i t y  L o s s  Compared t o  SH 
A p p e a r a n c e  i n  |j. H U re a
C u rv e  A) shows t h e  a c t i v i t y  a s s a y s  ( e x p r e s s e d  a s  l o g  
% a c t i v i t y ) .  P e r i o d i c  a l i q u o t s  w e re  removed f ro m  SH a s s a y  
s y s t e m  #  1 , I4. M u r e a ,  and a s s a y e d  b y  f o l l o w i n g  t h e  o x i d a t i o n  
o f  NADH a s  d e s c r i b e d  i n  t h e  m e t h o d s .
Curve  B)  r e p r e s e n t s  SH a p p e a r a n c e  e x p r e s s e d  a s  l o g  % 
o f  u n r e a c t e d  SH g r o u p s  u s i n g  SH a s s a y  s y s t e m  # 1 ,  h. M u r e a .
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Legend  t o  F i g u r e  6_ The A c t i v i t y  o f  MDH i n  U r e a  and P h o s p h a t e  
a s  a  F u n c t i o n  o f  pH
D i a l y z e d  M-MDH ( c o m m e r c i a l )  was d i l u t e d  o u t  t o  0.011+3 JbM 
i n  v a r i o u s  m i x t u r e s  o f  0 . 1  M p o t a s s i u m  p h o s p h a t e  o f  v a r y i n g  
pH i n  t h e  p r e s e n c e  ( ) and a b s e n c e  ( ) o f  1+ M
u r e a  and i n c u b a t e d  f o r  10 m i n u t e s  a t  25>° C. A l i q u o t s  o f  t h e  
i n c u b a t i o n  m i x t u r e s  w e re  m e a s u re d  f o r  a c t i v i t y  a s  d e s c r i b e d  
i n  t h e  m e th o d s  s e c t i o n .  The a c t i v i t y  i s  e x p r e s s e d  a s  u m o les  
NADH o x i d i z e d  p e r  m i n u t e .
The i n d i v i d u a l  p o i n t s  a r e  c o n t r o l s  d i l u t e d  and i n c u b a t e d  
f o r  10 m i n u t e s  a t  25 °  G i n :  1 )  1 6 . 7  jaM s e ru m  a l b u m i n ,  0 . 0 2  M 
p o t a s s i u m  p h o s p h a t e ,  pH 7 » k ?  2") w a t e r ,  3 )  Lp M u r e a ,  If.) 0 . 1  M 
and  0 . 0 1  M KC1 — 1+ H u r e a .
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TABLE I I
COMPARISON OF THE EFFECT OF PHOSPHATE IONS ON SH 
APPEARANCE AND ACTIVITY LOSS AT HIGHER UREA CONCENTRATIONS
Inoubat ion  Med ium ^  Act i v i t y  Remaining  
K Phos. Urea
  5.01^ 11
1CT2 5*0 If___________________
10”2 7-2 35
Legend;
0 . h $  j M  M-MDH ( c o m m e r c i a l ) w a s  i n c u b a t e d  i n  t h e  
d e s i g n a t e d  am o u n ts  o f  p o t a s s i u m  p h o s p h a t e ,  pH 7.1+., a n 9 
u r e a  a t  25°  C, and a l i q u o t s  w ere  a s s a y e d  f o r  a c t i v i t y  
a s  d e s c r i b e d  i n  t h e  m e th o d s  a f t e r  f o u r  m i n u t e s  i n c u b a t i o n .  
SH a s s a y  s y s t e m  #  1 was u s e d  t o  m e a s u re  % SH a p p e a r a n c e  
u s i n g  t h e  i n d i c a t e d  c o n c e n t r a t i o n s  o f  u r e a  and p o t a s s i u m  
p h o s p h a t e  b u f f e r .
2L Appearance
67
98
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Legend  f o r  T a b l e  I I I  E f f e c t  o f  S u b s t r a t e s  on P r o t e c t i o n  
o f  A c t i v i t y  and SH A p p e a r a n c e  i n  ^..M U r e a
M-MDH ( c o m m e r c i a l )  was i n c u b a t e d  i n  two s t a g e s .  F o r  
t h e  f i r s t  i n c u b a t i o n  (15  m i n u t e s ,  25 ° C) t h e  enzyme xyas 
i n c u b a t e d  i n  t h e  p r e s e n c e  o f  e a c h  s u b s t r a t e  n e u t r a l i z e d  
b y  KHCO^, u s i n g  0 . 1 6 3  mM NADH, 0 . 1 6 3 - mM NAD+ , 3 .8  mM OAA, 
and $ , 0  mM L - M a l a t e .
F o r  t h e  s e c o n d  i n c u b a t i o n  (15 m i n . ,  25°  C) 10 jx  1 
a liq u o ts  o f  t h e  above incubates w ere  added  to  A) SH assay
s y s t e m  # 1 ( -  e n z y m e ) ,  I4. M u r e a  (co lum n  I )  B) SH a s s a y
s y s t e m  #  1 ( -  e n z y m e ) ,  [). M u r e a ,  and u s i n g  10 mM T r i s - H C l ,
pH i n s t e a d  o f  p o t a s s i u m  p h o s p h a t e  b u f f e r  (co lum n I I ) .
The f i n a l  c o n c e n t r a t i o n  o f  M-MDH ( c o m m e r c i a l )  i n  e a c h  o f  
t h e s e  a s s a y  s y s t e m s  was O.Ij.5 juM.
The a c t i v i t y  d a t a  p r e s e n t e d  h e r e  r e p r e s e n t s  t h e  
a c t i v i t y  o f  t h e  enzyme m e a s u re d  by  r e m o v in g  a l i q u o t s  
a f t e r  15 m i n u t e s  i n c u b a t i o n  f r o m  t h e  s y s t e m  d e s c r i b e d  
i n  A, a b o v e .  The a l i q u o t s  w e r e  a s s a y e d  b y  f o l l o w i n g  NADH
o x i d a t i o n ,  a s  d e s c r i b e d  i n  t h e  m e t h o d s .
Column I I I  shows t h e  % SH a p p e a r a n c e  u n d e r  s l i g h t l y  
d i f f e r e n t  c o n d i t i o n s .  The f i r s t  i n c u b a t i o n  (60 m i n u t e s ,  
2 5 °  C) o f  M-MDH (CMC) was c a r r i e d  o u t  i n  t h e  p r e s e n c e  o f  
s u b s t r a t e s  n e u t r a l i z e d  by  KHCO^, u s i n g  0 . 1 3  mM NADH, 0 . 1 3  
mM NAD+ , 7 .8  mM OAA, and 6 .7  mM L - M a l a t e .  The s eco n d  
i n c u b a t i o n  (60 m i n u t e s ,  2 5 °  C) was c a r r i e d  o u t  i n  t h e  
p r e s e n c e  o f  SH a s s a y  s y s t e m  // 2 ( -  e n z y m e ) ,  M u r e a ,  
and 1 mMEDTA, The f i n a l  c o n c e n t r a t i o n  o f  M-MDH (CMC) i n  
e a c h  a s s a y  m i x t u r e  was O . 31I4. juM.
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TABLE I I I
EFFECT OF SUBSTRATES ON PROTECTION OF ACTIVITY 
AND SH APPEARANCE IN i|_ M UREA
F i r s t  I n c u b a t i o n  
MDH+
S econd  I n c u b a t i o n  i n  Ij. M U r e a
•n’ w T f - i r  O ' Cm
(10 mM K P h o s . ) I I I I I I
h2o 61 100 100 100
NADH 96 86 87 85
NAD+ 83 86 77 85
OAA 9^ 88 85 83
L - M a l a t e 77 77 87
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TABLE IV
SH APPEARANCE IN I4. M UREA IN 
THE PRESENCE OP NADH
NADH
0 . 1 3  mM 
L e g e n d :
M-MDH (CMC) was i n c u b a t e d  i n  tw o  s t a g e s .  The f i r s t  
i n c u b a t i o n  (1 h o u r ,  2£ °  C) was i n  t h e  p r e s e n c e  o f  H2O o r  
0 . 1 3  mM NADH ( n e u t r a l i z e d  b y  KHCO^). A l i q u o t s  were  
removed and ad d ed  t o  SH a s s a y  s y s t e m  #  2 ( -  e n z y m e ) ,  
u s i n g  l\. M u r e a  and 10 mM EDTA. The f i n a l  c o n c e n t r a t i o n  
o f  enzyme was O^lIf-^pM. T h i s  s e c o n d  i n c u b a t i o n  was 
c a r r i e d  o u t  f o r  one .hou r  a t  25°  0 and f o l l o w e d  
s p e c t r o p h p t o m e t r i c a l l y  a s  d e s c r i b e d  i n  t h e  m e t h o d s .
O b se rv e d  F i r s t  O r d e r  R a t e  C o n s t a n t  
( 24-12 m ji)
m in ” l
0 .0 6 2
0 . 0 3 3
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D i s c u s s i o n
The s u l f h y d r y l  g r o u p s  o f  p i g  h e a r t  M-MDH a r e  n o t  
r e a d i l y  a c c e s s i b l e  f o r  r e a c t i o n  w i t h  DTNB t h e  SH r e a g e n t  
u s e d  i n  t h i s  s t u d y .  T r e a t m e n t  o f  t h e  enzyme w i t h  u r e a  
c h a n g e s  t h e  c o n f o r m a t i o n  o f  t h e  m o l e c u l e  i n  s u c h  a  way 
that the SH groups are exposed and react w i t h  DTNB.
S i e g e l  and  E n g la n d  (3 )  r e p o r t e d  t h a t  b e e f  h e a r t  M-MDH 
would  n o t  r e a d i l y  r e a c t  w i t h  p - m e r c u r i b e n z o a t e , u n l e s s  
t h e  enzyme was t i t r a t e d  i n  t h e  p r e s e n c e  o f  u r e a .  The 
a p p e a r a n c e  o f  SH g r o u p s  i n  t h e  p r e s e n c e  o f  u r e a  h a s  an  
o b s e r v e d  f i r s t  o r d e r  r a t e  c o n s t a n t  a s  s e e n  i n  f i g u r e  
o n e .  The o b s e r v e d  f i r s t  o r d e r  r a t e  c o n s t a n t  i n c r e a s e s  
w i t h  i n c r e a s i n g  u r e a  c o n c e n t r a t i o n  ( F i g u r e s  2  and 3)»
I t  was a l s o  o b s e r v e d  t h a t  n o t  a l l  o f  t h e s e  s u l f h y d r y l  
g r o u p s  o f  p i g  h e a r t  M-MDH a r e  e s s e n t i a l  f o r  i t s  a c t i v i t y .  
T h i s  f a c t  i s  r e f l e c t e d  i n  t h e  n o n - p a r a l l e l  l o s s  o f  
a c t i v i t y  and SH a p p e a r a n c e  o f  M-MDH i n  u r e a  s o l u t i o n s  
( F i g u r e  3>).
The SH g r o u p s  o f  M-MDH a r e  e i t h e r  " b u r i e d "  i n  t h e  
f o l d s  o f  t h e  p r o t e i n  o r  i n  some way p r o t e c t e d  a g a i n s t  
r e a c t i o n  w i t h  DTNB. B o y e r  ( 8 ) h a s  s u g g e s t e d  t h a t  
" b u r i e d "  SH g r o u p s  a r e  h y d r o g e n  b o n d ed  t o  m a i n t a i n  t h e  
t e r t i a r y  s t r u c t u r e  o f  t h e  p r o t e i n .  I n  u r e a  s o l u t i o n s
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t h e s e  h y d r o g e n  b o n d s  would  b e  d i s r u p t e d  and t h e  
c o n f o r m a t i o n  o f  t h e  p r o t e i n  would  be  c h a n g ed  i n  s u c h  
a  way t h a t  t h e  SH g r o u p s  would  be  e x p o s e d .
In s t u d i e s  on the  a c t i v i t y  c o e f f i c i e n t s  o f  a 
s y n t h e t i c  p e p t id e  in  urea  s o l u t i o n s  (lf>) Robinson and 
Jencks  found t h a t  th e  a c t i v i t y  c o e f f i c i e n t s  o f  the  
s y n t h e t i c  p e p t id e  and p r o t e i n s  in  g e n e r a l  decres.se  w ith  
i n c r e a s i n g  u r e a  c o n c e n t r a t i o n .  The p r o t e i n  must unfo ld  
or open up becoming more and more s o l u b l e  u n t i l  i t  i s  
c o m p le te ly  u n f o ld e d .
A n o t h e r  p o s s i b i l i t y  i s  t h a t  u r e a  m ig h t  b r e a k  t h e  
n a t i v e  M-MDH m o l e c u l e  down i n t o  i t s  s u b u n i t s .  However  
t h i s  i s  u n l i k e l y  t o  t a k e  p l a c e .  Some e v i d e n c e  f o r  t h e  
e x i s t e n c e  o f  s u b u n i t s  o f  t h i s  enzyme h a s  b e e n  p r e s e n t e d  
( 1 9 ,  2 0 ,  25>, 2 6 ) .  T h o r n e ,  G ro s s m a n ,  and K a p l a n  (25>) hav e  
shown t h a t  t h e  s e p a r a t i o n  o f  t h e  c o m p o n en ts  o f  M-MDH 
t a k e s  p l a c e  o n l y  a f t e r  l o n g  p e r i o d s  o f  e l e c t r o p h o r e s i s .
I f  t h e  enzyme i s  p r e t r e a t e d  w i t h  6 M u r e a ,  t h e  o n l y  
e f f e c t  t h a t  i s  n o t e d  i s  a  p r e f e r e n t i a l  c h a n g e  i n  t h e  
d i s t r i b u t i o n  o f  M-MDH c o m p o n e n t s .  I t  h a s  a l s o  b e e n  
r e p o r t e d  t h a t  s u b u n i t s  o f  LDH (2 7 )  a r e  fo rm ed  o n l y  i n  
s o l u t i o n s  o f  v e r y  h i g h  u r e a  c o n c e n t r a t i o n s  (12 M)
( 5 ,  2 8 , 2 9 ) .  T h e r e f o r e  i t  seems t h a t  a t  t h e  u r e a  
c o n c e n t r a t i o n s  Used i n  t h e  p r e s e n t  s t u d y ,  u r e a  m a i n l y  
a f f e c t s  t h e  t e r t i a r y  s t r u c t u r e  o f  m i t o c h o n d r i a l  m a l a t e  
d e h y d r o g e n a s e .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
T i t r a t i o n  o f  t h e  enzyme w i t h  DTNB i n  t h e  p r e s e n c e  
o f  u r e a  showed t h a t  t h e r e  w e re  f r o m  10 t o  12 s u l f h y d r y l  
g r o u p s  p e r  m o l e c u l e  o f  M-MDH ( p i g  h e a r t ) .  T h i s  v a l u e  
i s  i n  c l o s e  a g r e e m e n t  w i t h  t h e  v a l u e  o f  10 t o  13 SH 
g r o u p s  p e r  m o l e c u l e  r e p o r t e d  f o r  b e e f  h e a r t  M-MDH by 
S i e g e l  and E n g l a r d  ( 3 ) ,  who assum ed  a  m o l e c u l a r  w e i g h t  
o f  6 5 ,0 0 0  f o r  t h e  enzym e;  a n d ,  i s  s l i g h t l y  l o w e r  t h a n  
t h e  II4. SH g r o u p s  p e r  m o l e c u l e  r e p o r t e d  b y  T h o r n e  and 
K a p la n  ( l )  f o r  p i g  h e a r t  M-MDH. S u ch  d i f f e r e n c e s  a r e  
Common when c o m p a r i n g  v a l u e s  o b t a i n e d  w i t h  d i f f e r e n t  
SH r e a g e n t s  ( 8 ) ,
I n  I4. M u r e a  s o l u t i o n s  w i t h  p h o s p h a t e  p r e s e n t  t h e  
"m asked"  SH g r o u p s  c a n  be  e x p o s e d  b u t  t h e  v a l u e  o f  t h e  
o b s e r v e d  f i r s t  o r d e r  r a t e  c o n s t a n t  d e c r e a s e s  w i t h  
i n c r e a s i n g  p h o s p h a t e  c o n c e n t r a t i o n  ( T a b l e  I ) .  The 
a c t i v i t y  o f  M-MDH, a s  m e a s u re d  by  t h e  number  o f  ^amoles 
o f  NADH o x i d i z e d  p e r  m i n u t e ,  i s  a l s o  p r o t e c t e d  by  h i g h e r  
p h o s p h a t e  c o n c e n t r a t i o n s  ( F i g u r e  Ip).  T h i s  e f f e c t  o f  
p o t a s s i u m  p h o s p h a t e  on t h e  a c t i v i t y  o f  t h e  enzyme i s  
n o t  due t o  i o n i c  s t r e n g t h  and  i s  o n l y  f u n c t i o n a l  i n  a  
pH r a n g e  o f  7*0 t o  7 . 5  ( F i g u r e  6 ) .  J o y c e  and G - r i s o l i a  
( 2 ) hav e  n o t e d  t h a t  t h e  a d d i t i o n  o f  i n o r g a n i c  p h o s p h a t e ,  
d u r i n g  t h e  a s s a y  o f  m a l i c  d e h y d r o g e n a s e ,  m a r k e d l y  
s t i m u l a t e d  enzyme a c t i v i t y  when m a l a t e  f o r m a t i o n  was 
m e a s u r e d .  R o b i n s o n  and J e n c k s  (1 6 )  h a v e  shown t h a t  
p h o s p h a t e  i o n s  w i l l  s a l t  o u t  a  p e p t i d e .  T h i s  would
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
. 33
h a v e  t h e  e f f e c t  o f  p r e s e r v i n g  t e r t i a r y  s t r u c t u r e  and 
t h u s  d e c r e a s i n g  t h e  s o l u b i l i t y  o f  a  p r o t e i n  i n  u r e a  
s o l u t i o n .  Thus  i t  seems t h a t  t h e  p h o s p h a t e  i o n  d o e s  
i n d u c e  a  s t a b i l i z a t i o n  o f  enzyme s t r u c t u r e ,  w h ic h  i n  
t h r n  p r e s e r v e s  enzyme a c t i v i t y .
P h o s p h a t e  p r o t e c t i o n  o f  a c t i v i t y  and p r o t e i n  c o n ­
f o r m a t i o n  t a k e s  p l a c e  e v e n  a t  h i g h e r  u r e a  c o n c e n t r a t i o n s  
a s  s e e n  i n  T a b l e  I I .  The p r e s e n c e  o f  p h o s p h a t e  i o n s  
p r e s e r v e s  t h e  a c t i v i t y  o f  t h e  enzyme i n  7 . 2  M u r e a  ev en  
when a l l  t h e  SH g r o u p s  h a v e  b e e n  e x p o s e d .  T h i s  s u g g e s t s  
t h a t  t h e  p h o s p h a t e  i o n s  k e e p s  t h e  a c t i v e  s i t e  o f  t h e  
enzyme f u n c t i o n a l  e v e n  t h o u g h  a l l  o f  t h e  SH g r o u p s  h a v e  
b e e n  e x p o s e d .
The p r o t e c t i o n  o f  e n z y m a t i c  a c t i v i t y  b y  t h e  s u b ­
s t r a t e s  o f  M-MDH was s t u d i e d  i n  t h e  p r e s e n c e  o f  
p h o s p h a t e ,  NADH, NAD+ , and OAA, a l l ,  p r o t e c t e d  t h e  
enzyme a g a i n s t  t h e  l o s s  o f  a c t i v i t y .  The r e d u c e d  f o r m  
o f  NAD+ , p r o v i d e d  g r e a t e r  p r o t e c t i o n  o f  enzyme a c t i v i t y  
t h a n  t h e  o x i d i z e d  f o r m .  T h i s  was a l s o  o b s e r v e d  f o r  
l a c t i c  d e h y d r o g e n a s e  b y  Di  S a b b a t o  and K a p l a n  ( 3 0 ) ,
I n  the presence of inorganic phosphate ions or 
t r i s - h y d r o g e n  c h l o r i d e ,  e a c h  o f  t h e  s u b s t r a t e s  b i n d  t o  
t h e  p r o t e i n  i n  s u c h  a  way t h a t  a b o u t  two SH g r o u p s  p e r  
m o l e c u l e  o f  p i g  h e a r t  M-MDH r e m a i n  u n a c c e s s i b l e  t o  
DTI© ( T a b l e  I I I ) .  T h i s  c a n  mean one o f  two t h i n g s .
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F i r s t ,  t h e  p r o t e c t i o n  i s  a t  t h e  a c t i v e  s i t e *  s e c o n d l y ,  
t h e r e  i s  a  c o n f o r m a t i o n a l  s t a b i l i z a t i o n  o f  t h e  w h o le  
m o l e c u l e  w h ic h  p r e v e n t s  c o m p l e t e  SH a p p e a r a n c e ,  and 
s lo w s  down t h e  l o s s  o f  a c t i v i t y .
T a b l e  IV shows t h a t  i n  t h e  p r e s e n c e  o f  NADH, t h e  
o b s e r v e d  f i r s t  o r d e r  r a t e  c o n s t a n t  i s  much l o w e r  t h a n  
i n  i t s  a b s e n c e .  T h i s  i s  an  i n d i c a t i o n  t h a t  NADH 
s t a b i l i z e s  t h e  p r o t e i n  c o n f o r m a t i o n  o f  t h e  enzym e,  
s l o w i n g  down SH a p p e a r a n c e .  T h e r e f o r e  t h e  e f f e c t  o f  
NADH on t h e  en z y m e ,  a t  t h e  c o n c e n t r a t i o n s  u s e d ,  a r e  
t w o f o l d .  F i r s t ,  i t  p r e v e n t s  t o t a l  SH a p p e a r a n c e ;  a n d ,  
s e c o n d l y ,  i t  s l o w s  down t h e  u n f o l d i n g  o f  t h e  p r o t e i n  
m o l e c u l e .
T h o r n e  and K a p l a n  ( l )  f o u n d  t h a t  p i g  h e a r t  M-MDH 
b i n d s  two m o le s  o f  NADH p e r  7 0 , 0 0 0  g ram s  o f  enzym e.
Thus  i t  i s  p o s s i b l e  t h a t  t h e  NADH d o e s  i n  f a c t  b i n d  t o  
t h e  SH g r o u p s  o f  t h e  enzyme m o l e c u l e .  S e i g e l  and 
E n g l a r d  (3 )  s u g g e s t e d  t h a t  OAA m ig h t  r e a c t  w i t h  an  SH 
g r o u p  e s s e n t i a l  f o r  a c t i v i t y .  I t  i s  p o s s i b l e  t h a t  
OAA r e a c t s  w i t h  p r o t e i n  s u l f y d r y l  g r o u p s  f o r m i n g  a 
t h i o h e m i a c e t a l  o r  a  t h i o h e m e k e t a l  ( 3 1 ) .
I n  c o n c l u s i o n ,  p i g  h e a r t  M-MDH i s  p r o t e c t e d  a g a i n s t  
a c t i v i t y  l o s s  and SH a p p e a r a n c e  b y  p h o s p h a t e ,  and t h e  
s u b s t r a t e s  o f  t h e  enzym e.  The e v i d e n c e  p r e s e n t e d  h e r e  
p o i n t s  t o  SH i n v o l v e m e n t  i n  enzyme a c t i v i t y  b u t  more
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w o rk  w i l l  h a v e  t o  be  d o n e  t o  d e t e r m i n e  t h e  a c t i v e  s i t e
and  t h e  m ec h a n ism  o f  t h e  r e a c t i o n ,  w h ic h  i s  c a t a l y z e d
(
by  m i t o c h o n d r i a l  m a l a t e  d e h y d r o g e n a s e .
The u s e  o f  DTNB i n  t h e s e  s t u d i e s  h a s  p r o v e d  t o  be 
a  v e r y  u s e f u l  t o o l .  The a d v a n t a g e  o f  DTNB o v e r  o t h e r  
SH r e a g e n t s ,  l i k e  p - m e r c u r i b e n z o a t e , i s  t h e  a b i l i t y  o f  
f o l l o w i n g  c o n t i n u o u s l y  t h e  k i n e t i c s  o f  SH a p p e a r a n c e .
A f u r t h e r  a r e a  t o  e x p l o r e  would  be  c o n f o r m a t i o n a l  
c h a n g e s  o f  s u p e r n a t a n t  ( c y t o p l a s m i c )  m a l a t e  d e h y d r o g e n a s e  
w i t h  and w i t h o u t  u r e a j  a n d ,  how p o t a s s i u m  p h o s p h a t e  and 
t h e  s u b s t r a t e s  o f  t h e  enzyme would  a f f e c t  i t s  d e n a t u r a t i o n  
i n  u r e a  s o l u t i o n s .  O t h e r  a r e a s  t h a t  c o u l d  b e  s t u d i e d  w i t h  
b o t h  enzymes  a r e  t h e  l o s s  o f  a c t i v i t y  and t h e  SH a p p e a r a n c e  
a s  a  f u n c t i o n  o f  s u b s t r a t e  c o n c e n t r a t i o n ;  a s  a  f u n c t i o n  o f  
pH; a s  a  f u n c t i o n  o f  t e m p e r a t u r e ;  a n d ,  a s  a  f u n c t i o n  o f  
i o n s  w h ic h  i n h i b i t  a s  w e l l  a s  o t h e r s  w h ic h  s t i m u l a t e  
enzyme a c t i v i t i e s .  The e f f e c t s  o f  f r e e z e  t h a w i n g  and 
l i p i d  p r o t e c t i o n  on p r o t e i n  c o n f o r m a t i o n  and enzyme 
a c t i v i t y  c o u l d  a l s o  b e  i n v e s t i g a t e d ,  u s i n g  t h e  DTNB a s s a y  
f o r  SH a p p e a r a n c e .  To e s t a b l i s h  w h e t h e r  d i s s o c i a t i o n  o f  
M-MDH into its subunits takes place in 4 M urea solutions 
c a r e f u l  u l t r a c e n t r i f u g e  s t u d i e s  ( o r  o t h e r  means o f  a c c u r a t e l y  
d e t e r m i n i n g  m o l e c u l a r  s i z e )  w ou ld  h a v e  t o  b e  c a r r i e d  o u t  ( 3 2 ) .
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CHAPTER I I I
SUMMARY
P i g  h e a r t  M-MDH i s  i n a c t i v a t e d  when d i l u t e d  i n  w a t e r  
b u t  no s u l f h y d r y l  g r o u p s  a r e  unm asked  d u r i n g  a  one h o u r  
i n c u b a t i o n  p e r i o d .  However  i n  t h e  p r e s e n c e  o f  u r e a ,  t h e  
enzyme i s  i n a c t i v a t e d  w i t h  a  c o n c o m m i te n t  a p p e a r a n c e  o f  
SH g r o u p s .  The l o s s  o f  a c t i v i t y  and t h e  a p p e a r a n c e  o f  
SH g r o u p s  do n o t  t a k e  p l a c e  a t  t h e  same r a t e .  The 
a p p e a r a n c e  o f  SH g r o u p s  c a n  be  f o l l o w e d  s p e c t r o p h o t o -  
m e t r i c a l l y  w i t h  t h e  SH r e a g e n t  DTNB a t  Ipl2 mp.. The SH 
g r o u p s  a r e  e x p o s e d  i n  a  f i r s t  o r d e r  r e a c t i o n .  T i t r a t i o n  
o f  p i g  h e a r t  M-MDH w i t h  DTNB i n  t h e  p r e s e n c e  o f  If M u r e a  
e x p o s e s  10 t o  12 SH g r o u p s  p e r  m o l e c u l e  o f  t h e  enzyme.
P i g  h e a r t  M-MDH i s  p a r t i a l l y  p r o t e c t e d  a g a i n s t  
a c t i v i t y  l o s s  and SH a p p e a r a n c e  by  i n o r g a n i c  p h o s p h a t e  
i o n s .  P r o t e c t i o n  a g a i n s t  a c t i v i t y  l o s s  i n  t h e  p r e s e n c e  
o f  p h o s p h a t e  i o n s  i s  pH d e p e n d e n t .  The enzyme i s  a l s o  
p a r t i a l l y  p r o t e c t e d  a g a i n s t  a c t i v i t y  l o s s  b y  t h e  s u b s t r a t e s  
NADH, NAD+ , and OAA. B o t h  NADH and i n o r g a n i c  p h o s p h a t e  
i o n s  c o n s i d e r a b l y  r e d u c e  t h e  o b s e r v e d  f i r s t  o r d e r  r a t e  
c o n s t a n t  f o r  SH a p p e a r a n c e .  The enzyme i s  p r o t e c t e d  
a g a i n s t  c o m p l e t e  SH a p p e a r a n c e  i n  Ij. M u r e a  s o l u t i o n s  by
36
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t h e  s u b s t r a t e s  NADH, NAD+ , OAA, and  L - M a l a t e .  P r e -  
i n c u b a t i o n  o f  t h e  enzyme w i t h  t h e  s u b s t r a t e s  b e f o r e  
u r e a  i n a c t i v a t i o n  r e s u l t s  i n  t h e  a p p e a r a n c e  o f  a b o u t  
85 p e r  c e n t  o f  t h e  SH g r o u p s .  A bou t  two s u l f h y d r y l  
g r o u p s  p e r  m o l e c u l e  o f  p i g  h e a r t  M-MDH r e m a i n  " b u r i e d "
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